Olive mill wastewater (OMW) originating from a two-phase olive oil producing plant was treated with a crude polyphenol oxidase (PPO) homogenate, prepared from potato waste peels. The treatments carried out were based on a 2 3 -full-factorial, central composite design (CCD) in order to identify optimal operational conditions with regard to polyethylene glycol (PEG) concentration, pH, and treatment duration. The treatment performance was assessed by estimating the % reduction in total polyphenol (TP) concentration. The model obtained produced a satisfactory fitting of the data ( 2 = 0.96, = 0.0017). The utilisation of the predictive model enabled the theoretical calculation of the optimal set of conditions, which were pH = 4, = 3.57 h, and [PEG] = 900 mg L −1 . Under these conditions, the optimal theoretical % removal calculated was 54 ± 9. Examination of the treated samples with high-performance liquid chromatography (HPLC) showed that the potato homogenate afforded changes in the polyphenolic profile. Based on the experimental evidence, oxidation pathways were proposed.
Introduction
Olive mill wastewater (OMW) is a highly polluting effluent of olive oil production and its disposal is a serious environmental peril. The main negative effect associated with its dumping is the high toxicity to plants, microorganisms, and aquatic organisms [1] . Thus, OMW is not appropriate for watering and fertilizing purposes and it is recalcitrant to biodegradation by bacteria and fungi. The toxicity of OMW is largely attributed to its exceptionally high polyphenolic burden, which may reach up to 80 g L −1 . This lends OMW a COD/BOD 5 ratio of 2.5-5, which makes it 5-80 times stronger pollutant than domestic sewage [1] .
The remediation of OMW has been a subject of several studies, dealing with catalysis-based oxygenation with various inorganic catalysts [2] and biological treatment, mainly with laccase-or peroxidase-producing fungi [3] [4] [5] [6] [7] . The use of enzymes in bioremediation processes has gained a wide acceptance because of the recognition that enzymes from various plant and microbial sources have several advantages over conventional physical and chemical treatments. These advantages include selective removal of particular pollutants, application to xenobiotic recalcitrant compounds, high reaction rates, operation over a wide range of pH and salinity, reduction in sludge volume, and simplicity of controlling the process [8, 9] .
Among the enzymatic processes for waste treatment, peroxidase-and polyphenol oxidase-catalysed treatments of phenols are probably the most comprehensively studied [10] . Plant food wastes and byproducts, including trimmings and peels, might contain a range of enzymes capable of transforming bioorganic molecules, and thus they may have potential uses in bioremediation processes [11] . PPO from potato, in particular, has been shown to effectively polymerise lignin fragments in artificial wastewater, in combination with peroxidase [12] , detoxify bisphenol A [13] , decolourise dying effluents [14, 15] , degrade pentachlorophenol [16] , and remove phenol [17] and other halogenated phenols [18] from aqueous effluents.
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To the best of our knowledge, potato PPO has never been investigated for its potential to remove OMW phenolics. On such a conceptual basis, this study was undertaken to examine the prospect of using crude potato peel PPO to remove OMW phenolics, by the application of a 2 3 -fullfactorial design and response surface methodology, including pH, treatment time, and polyethylene glycol (PEG) as critical factors.
Materials and Methods

Reagents and Chemicals.
Bradford reagent, trans-chlorogenic acid (CGA), trichloroacetic acid (TCA), and 4-aminoantipyrine (4-AAP) were from Sigma Chemical Co. (St. Louis, MO, USA). N,N-Dimethylformamide (DMF) and potassium ferricyanide were from Merck (Darmstadt, Germany).
Olive Mill Wastewater (OMW).
The OMW was obtained from a two-phase processing plant, located within the prefecture of Chania (Crete, Greece). The plant processes organically cultivated olives for the production of extravirgin olive oil. The OMW was collected immediately after disposal to avoid any changes in the polyphenolic composition. Upon reception, the waste was stored at 4 ∘ C in the dark until used for no longer than a week.
Preparation of the Potato Peel
Homogenate. Brown-skin potatoes (Solanum tuberosum L.) were purchased from a grocery (Chania, Crete). The tubers were transferred to the laboratory and manually peeled, and the peels were immediately frozen with liquid nitrogen. The frozen tissue was ground with a pestle and a mortar and mixed with charcoal to remove phenolics. Typically, 1 g of charcoal was used for approximately 25 g of ground tissue. The charcoaltreated tissue was then mixed with 150 mL of phosphate buffer (50 mM, pH 6.6) and homogenised in a domestic blender to form slurry. The homogenate was centrifuged at 4000 g for 15 min and filtered through paper filter. The clear filtrate was used as crude enzyme source.
Polyphenol Oxidase Activity.
The assay mixture contained 0.25 mL 4-AAP (10 mM in water), 0.1 mL substrate (100 mM CGA in DMF), 0.6 mL of phosphate buffer (50 mM, pH 6.6), and 0.1 mL enzyme extract. The formation of chromogen (quinoneimine dye) adduct of 4-AAP/CGA was monitored by recording the absorbance at 510 nm ( 510 ) for over 3 min against suitable blank. One enzyme unit (U) was defined as moles of quinoneimine dye formed per min. For all determinations, = 12, 000 was used for the quinoneimine dye [19] . Control reactions by using heat-inactivated homogenate were also carried out. For all determinations, a computer-controlled HP 8452A diodearray spectrophotometer was used. Protein content was determined according to Bradford 1976 [20] , using bovine serum albumin as the standard.
Enzymatic Treatment.
The waste was homogenised by vigorous shaking, then filtered through filter paper, and diluted 1 : 20 with tap water. The OMW was adjusted at various pH levels (Table 1) , using either 0.1 N HCl or 0.1 N NaOH. The medium (final volume, 20 mL) was composed of 19 mL OMW, 0.5 mL crude PPO extract (final total protein concentration, 1.55 g mL −1 , 1.42 U), and 0.5 mL PEG solution. The final mixture was placed in a 30 mL screw-cap, glass reactor, bearing a teflon-coated magnetic stirrer, and sparged with air for 5 min prior to treatments to ascertain the presence of sufficient amount of oxygen. Treatments were carried out under stirring with a magnetic stirrer, operating at 400 rpm. Control treatments with heat-inactivated homogenate were also carried out.
Total Polyphenol Determination.
A sample (1 mL) was withdrawn from the reaction medium and placed in a 1.5 mL Eppendorf tube. The sample was mixed with 0.1 mL TCA, vortexed, and then centrifuged in a table centrifugator at 10,000 rpm. An aliquot of 0.5 mL of appropriately diluted OMW was mixed with 0.3 mL deionised water, 0.1 mL 4-AAP (20 mM in 0.25 M NaHCO 3 ), and 0.1 mL potassium ferricyanide (85 mM in 0.25 M NaHCO 3 ). Absorbance readings were carried out at 510 nm against suitable blank [21] . Results were expressed as caffeic acid equivalents (CAE), using a calibration curve of 510 against caffeic acid concentration (12.5-200 mg L −1 ).
Experimental Design and Statistical Analyses.
A 2 3 -full-factorial experimental design was used to identify the relationship existing between the response function and process variables as well as to determine those conditions that optimised the PPO-catalysed oxidation process. The response function considered was the % removal of TP from the reaction medium. The three independent variables or factors considered were PEG ( 1 , varying between 100 and 900 mg L −1 ), pH ( 2 , varying between 4 and 8), and time ( 3 , varying between 1 and 5 h). Each variable to be optimised was coded at three levels, −1, 0, and 1 ( Table 1 ). The value ranges used for PEG were based on preliminary experiments and the literature data [21, 22] .
The three independent variables were coded according to the following equation:
where and are the dimensionless and the actual value of the independent variable , 0 is the actual value of the independent variable at the central point, and Δ Observed Predicted 7 is the step change of corresponding to a unit variation of the dimensionless value. Response at each design point was recorded (Table 2) . Data from the central composite experimental design were subjected to regression analysis using least square regression methodology to obtain the parameters of the mathematical models.
Student's -test permitted the checking of the statistical significance of the regression coefficients deriving from the model. Analysis of variance (ANOVA) was applied to evaluate the statistical significance of the model. Response surface plots were obtained using the fitted model, by keeping the independent variables simultaneous. All determinations were carried out at least in triplicate and values were averaged and given along the standard deviation (± S.D.). For all statistics, Microsoft Excel 2000, SigmaPlot 11, and JMP 8 were used.
HPLC Analysis. The equipment utilized was an HP 1090
Series II Liquid Chromatograph, coupled with an HP 1090 diode-array detector, and controlled by Agilent ChemStation software. The column was a Phenomenex Synergi Hydro RP18, 4 m, 250 × 4.6 mm, protected by a guard volume packed with the same material. Both columns were maintained at 40 ∘ C. Eluent (A) and eluent (B) were 0.05% aqueous trifluoroacetic acid (TFA) and acetonitrile (MeCN) containing 0.05% TFA, respectively. The flow rate was 1 mL min −1 , and the elution programme used was as follows: 5 min, 5% B; 65 min, 50% B. Monitoring of the eluate was performed at 275 nm.
Results and Discussion
Factorial Design Optimisation.
Values of the independent process variables ( 1 , 2 , and 3 ) are considered, and measured and predicted values for the response (% TP (2)
The quality of fit was ascertained using the regression coefficients (
2 ). The experimental data obtained showed a good fit with the equations ( 2 = 0.96, = 0.0017). This fact indicated a satisfactory agreement between observed and predicted responses and that the equation found can adequately predict the experimental results.
After removal of the nonsignificant factors, as revealed by the ANOVA analysis, the theoretical model could be simplified as follows:
%TP Removal = 14.71 − 0.14 2 − 3. 
(3)
The utilisation of the predictive model enabled the theoretical calculation of the optimal set of conditions, which were pH = 4, = 3.57 h, and [PEG] = 900 mg L −1 . Under these conditions, the optimal theoretical % removal calculated was 53.8 ± 9.4. The trends revealed in each case were recorded in the form of three-dimensional plots (Figures 1, 2, and 3) .
The pH optima reported for potato PPO with CGA, which is a physiological substrate, were 4.3 [23] , 5 [24] , 6.5 [25] , and 6.6 [26] . These discrepancies might be rather attributed to various isoforms of the enzyme that exist in potato [27] . The theoretically optimal pH 4 calculated lies at the lower extreme of these values. However, enzyme activity is not the only crucial parameter that could affect polyphenol removal. An important factor implicated could be how easily oxidised phenolics polymerise and precipitate.
In fact, previous studies demonstrated that a decrease in pH resulted in decreased solubility of phenol oxidation products, generated through horseradish peroxidase-(POD-) mediated oxidation [28] . Further, a decrease in pH was shown to enhance aggregation of chlorophenol oligomers, thus facilitating their subsequent precipitation, upon treatment with horseradish POD [29] . Therefore, it could be hypothesised that disappearance of polyphenol oxidation products, presumably through precipitation, might be promoted at pH 4, hence, the higher % removal observed. Further to that, the % removal observed should be considered as the integration of % removal of the various phenolics that may occur in OMW, since not all substances are equally removed. Immobilized laccase-catalyzed treatment of OMW indicated that removal of individual phenolics may vary from 8.8 to 99% [30] .
Putative Pathways and Products.
The HPLC analysis of the sample, exhibiting the highest % polyphenol removal (no. 7, Table 2 ), revealed that the PPO treatment brought about significant alterations in the trace of the treated waste ( Figure 4 ). In particular, it was observed that the major substances detected at 275 nm practically disappeared, but it was also noticed that there was no major qualitative change in the profile, an indication that removal of phenolics was probably achieved through the formation of insoluble polymers and that there was no formation of soluble oxidation products at least at a detectable level.
The principal phenolics detected in various OMW have been reported to be hydroxytyrosol, tyrosol, and caffeic acid [31] [32] [33] , hydroxytyrosol, tyrosol, and protocatechuic acid [34] , verbascoside and its derivatives [35] , and several other substances; most of them are possessing an o-diphenol feature [36, 37] . PPO-catalysed oxidation of o-diphenols proceeds through a four-electron transfer mechanism and subsequent quinone formation [38] . Quinones, in turn, can spontaneously polymerise to yield insoluble polymers [39] . Although the activity of potato PPO on monophenols is rather trivial [24, 40] , monophenolase activity could be stimulated in the presence of o-diphenols [41] . In addition, monophenols could either react with the o-quinones formed [42] or oxidised through coupling reactions [43] . In any case, the outcome would be probably the generation of large, insoluble oligomers and/or polymers, which would be removed through precipitation, as demonstrated in several similar cases [44, 45] . Hydroxytyrosol dimers were isolated following peroxidase/H 2 O 2 -mediated hydroxytyrosol oxidation and their formation was attributed to quinone dimerisation [46] .
It is certain that the exceptionally high concentration of OMW in phenolics would not permit a crude enzyme preparation to function to a satisfactory extent. The use of enzymes such as potato PPO cannot be regarded as a principal process that could efficiently remediate OMW but rather as an assisting, complementary means of removing toxic substances, thus contributing to an integrated treatment of OMWW and similar effluents. In this view, the exploitation of potato solid byproducts for producing PPO-active homogenates might merit a higher attention as a material with promising prospect in bioremediation.
Conclusions
The most important findings of this study can be summarised as follows.
(i) The implementation of a 2 3 -full-factorial design for the optimisation of TP removal from OMW, using a crude PPO preparation from potato peels showed that a predicted value of 53.8% can be achieved, the optimal conditions being pH 4, 3.57 h, and PEG concentration of 900 mg L −1 .
(ii) The optimum pH value of the process, which differs from the pH optimum potato PPO, might indicate that the catalytic activity of the enzyme, even low, is necessary to form precursors (quinones), which then can spontaneously polymerise and be removed by precipitation at pH lower than that of the enzyme optimal.
(iii) The chromatographic profile of the PPO-treated sample, as well as optical examination, revealed important decrease in the OMW polyphenols, which is presumably attributed to polymer formation and precipitation.
(iv) Further work is needed to examine factors pertaining to improve the process, including enzyme-to-waste ratio and temperature. In addition, analytical determinations should be undertaken to clarify the exact nature of the oxidation products. 
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